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CHAPTER I

INTRODUCTION
Object:
The purpose of this investigation was to study the reactions of
sodium naphthalenide with various carbonyl and acyl compounds. J. W.
Stinnett, Jr. investigated aspects of the reactions of carbonyl compounds
and that study was expanded. The major emphasis, however, was to extend
the investigation to the reactions of esters. With regard to the reactions of esters, it was thought that sodium naphthalenide might provide
a synthetic advantage, as compared to the sodium metal solutions, in the
reduction of the acyl compounds to their corresponding acyloins.

Sodium Naphthalenide:
The reactions of alkali metals with the aromatic hydrocarbons have
been known as early as 1867 when Berthelot

reported that on fusing

naphthalene with potassium in a closed tube a black addition product was
formed.

A convenient method for the preparation of addition compounds

of alkali metals and polycyclic aromatic hydrocarbons was reported by
N. D. Scott et. al. in 1936.2
When naphthalene is treated with sodium metal in solvents such as
tetrahydrofuran (THF), dimethyl ether, or 1,2-dimethoxyethane, it forms
the intensely green colored compound referred to as sodium naphthalenide.

In equation (1), the dash represents the anionic and the dot radical
nature of the adduct. The reaction arises through the transfer of the
valence electron of the sodium atom to the lowest energy antibonding
orbital of the naphthalene molecule. The equilibrium position for the
reaction is directly affected by the solvent. The magnitude of the
solvation of the metal ion and perhaps that of the naphthalene anion is
the principal factor in determining the equilibrium constant for the
reaction.
o

The solution conducts electricity and exhibits intense paramagnetic resonance absorption which indicates that the naphthalene derivative is a charged radical. The magnetic susceptibility measurements,
potentiometric tetration experiments and polarographic reduction
f> 7
studies ' clearly indicate that the product of the above reaction is
a univalent radical anion and that the mononegative ions are monomeric
in solution.
•3

The paramagnetic resonance spectrum shows hyperfine splitting due
to the interaction of the unpaired electron spin with the nuclear spins
of four alpha and four beta hydrogens on the naphthalene molecule. This
shows that the added electron is delocalized throughout naphthalene.
The magnitudes of the hyperfine splitting constants observed for the
naphthalene radical anion are 4.95 and 1,865 gauss for the alpha and
beta protons respectively. This ratio of 2.65 is in excellent agreement
with the ratio 2.62 of the spin densities at the alpha and beta protons
calculated with Huckel's Method.
Polarographic reduction of naphthalene in proton active solvent
indicates that the rate constants of the electron transfer between the
naphthalene molecule and its anion are in the range of 10 -10 liter
Q

mole" 1 sec" 1 , depending upon the solvent.

Naphthalene does not form a biradical since it would require that
the normal state of this paramagnetic molecule be a triplet electronic
configuration. Such a situation is highly unlikely in molecules in
which orbital degeneracy does not exist. Orbital degeneracy is not
permitted in naphthalene.

CHAPTER I I

REVIEW OP LITERATURE
A. Reactions of Sodium Naphthalenide:
Sodium naphthalenide shows a variety of reactions; substitution3
acid-base equilibrium and oxidation-reduction. Often these processes
occur simultaneously. These reactions are the result of proton abstraction^ electron transfer or nucleophilic attack.
1. Sodium Naphthalenide as_ a Base:
One of the most characteristic reactions of naphthalene anion is
protonation.

When treated with water it leads to 4l$ yield of dihydro-

naphthalenes, 58% yield of naphthalene and 1% yield of tetralin. Isotopic labeling experiments were found to be in agreement with the following mechanism:
n n
(2)

OlrMOIQ

(3)

(4)
HH

The initial step of this reaction involves the abstraction of proton by
the naphthalene anion. Tritiated water was added to the solution of the
radican anion in THF. The tritium was found to be incorporated only in
the dihydronaphthalene and tetralin.

The rate law

for this reaction,

determined by the rapid-mixing stopped flow method was found to be:
-d(Naph~)/dt = a
The value of k± in the THF at 20°C is 1.01 X 104 M"1 sec"1. Thus the
kinetic data is in full agreement with the proposed mechanism.
2.

Sodium Naphthalenide as_ a Nucleophile:
In the reaction of sodium naphthalenide with carbon dioxide3 the

former acts as a nucleophile. The following mechanism was suggested by
P. Lipkin and D. E. Paul:11 H COO-

(5)

CO.

H COOH

(6)
H COOH

H C00-

The first step of this reaction involves the nucleophilic attack by
the naphthalene anion upon carbon dioxide. The resulting radical anion
is then reduced by another molecule of naphthalene anion to yield the
corresponding dianion. This intermediate then reacts with another

6
molecule of carbon dioxide and forms dihydronaphthalene dicarboxylic
acid on subsequent hydrolysis.
In the reactions of the sodium naphthalenide with substances such
as water and C0 2 , two facts stand out: first, dihydro or substituted
dihydro derivatives of naphthalene are formed; second, in the absence of
excess sodium metal, half of the naphthalene is recovered unchanged. In
the presence of the excess of sodium, naphthalene is completely converted
into dihydronaphthalene derivative.
D. Machtinger12 reported that monolauryldihydronaphthalene was
formed in 60% yield when ethyl laurate was treated with sodium naphthalenide in THF.

( Q j + R-C-0C2H5

(7)
H H

R = CH 3 (CH 2 ) 1 0
3. Electron Transfer Reactions of Sodium Naphthalenide:
An example of this type of reaction is the transfer of the electron
from the naphthalene anion to the neutral naphthalene molecule. A similar
electron transfer occurs with a variety of other aromatic hydrocarbons,
for example, with anthracene:

o r o ••. roioio

(8)

a.

Reactions with Alkyl Halides1^'

'

^

The reaction of sodium naphthalenide with alkyl halides in
1,2-dimethoxyethane yields a mixture of aliphatic hydrocarbons, alkylated
dihydronaphthalenes and alkyl naphthalene.

RX

+

R-R

R-H

i
R

ii

R

H

Rt H
R'=R, IV
R'=H, V

R'=R, VI
R'=H, VII

The formation of the aliphatic products (I, II) involves the intermediacy of alkyl free radical (R-) generated by electron transfer from
the naphthalene radical anion to the alkyl.halide.

Radical coupling

yields I, while electron transfer from the naphthalene radical anion R*
produces a carbanionic moiety, R~Na , which yields II by proton abstraction from the solvent.

RX

+ X"

+
->

2R-

>

R-H

(10)

R-R

(ID

R~ +

(12)

+

S

(13)

8
Lipkin

postulated an initial SN2 attack on the alkyl halide by the

nucleophilic radical anion to account for the formation of the alkylation
products (III-VII):
+

R H

R-X

R H-

VI

v

VII

Hoijtinka"' suggested that alkylation is initiated by addition of an alkyl
free radical to a molecule of naphthalene, which is produced in the charge
transfer reaction of naphthalene radical anion with the alkyl halide.
R-X

+ R- + X"

(16)

R H
+ R-

(17)

The resulting delocalized free radical is similar to the one postulated by Lipkin, and subsequent steps in the alkylation are common to both
mechanisms.
The experiments of G. D. Sargent and G. A. Lux -> revealed that both
mechanisms are inoperative. If the displacement mechanism of Lipkin were
operative, the ratio of aliphatic products to alkylation products should
increase markedly as the type of halide employed is varied from primary

to secondary to tertiary. The data presented in Table 1 clearly demonstrates that this expectation is not realized.
The mechanism suggested by Hoijtink requires that the relative yield
of alkylation products should increase in the presence of excess naphthalene, since the reaction which initiates alkylation is first order in
naphthalene. In fact, the product ratio is found to be insensitive to
the presence of excess naphthalene.
G. D. Sargent and G. A. Lux proposed that alky lation is initiated by
addition of an alkyl carbanion to naphthalene (18) or by combination of
the alkyl radical and the naphthalene radical anion (19).
R H
+ R"

(18)

+ R-

(19)

Both reactions lead directly to the delocalized carbanion also common to the Lipkin mechanism.
The reaction (18) was ruled out by similar reasons as for the mechanism suggested by Hoijtink.
The radical-radical anion combination mechanism (19) also requires
that the product ratio be determined by the relative rates of two competing reactions: (a) combination of radical anion and alkyl free radical leading to alkylation products:
R H

R-

(20)

10

TABLE I 1 5

PRODUCT DISTRIBUTION PROM THE REACTION OP
SODIUM NAPHTHALENIDE WITH ALKYL IODIDES

Products

N-C^I

S-C^I

R-R

72

46

22

3

R-H

17

16

17

22

Total Aliphatic

89

65

52

39

Total Alkylation

11

35

48

61

Aliphatic/Alkylation

8.1

1.9

1.1

0.64
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(b) Electron transfer from radical anion to the alkyl free radical leading to alkane:

+ R.

>

R-

+

l^JiWJ

(21)

Since free radical combination reactions have low activation energies j one would not expect the rate of the combination reaction to be
markedly sensitive to the structure of the free radical. Carbanion stabilities decrease in the series: primary > secondary > tertiary, and
one might expect this trend to be reflected in a decreased rate of the
electron transfer to the free radical as the radical site becomes progressively more highly substituted.

Thus if the radical-radical anion

combination mechanism (19) were operative, one would expect the ratio of
aliphatic products to alkylation products to decrease as the halide
employed is varied from primary to secondary to tertiary. This expectation was confirmed by the experiments (Table 1).
From these considerations G. D. Sargent and G. A. Lux concluded
that all products of the reaction of sodium naphthalenide with alkyl
halides derive from an initial electron-transfer reaction which yields
an alkyl free radical. Alkylation products result from a subsequent combination of this alkyl free radical with a second radical anion.

12
b.

Reaction with Halobenzenes:
The major products of this reaction are as follows:
X

X = F, Cl, Br and I

+

(22)

The above reaction could proceed by an anionic, radical or combination
anionic-radical mechanism. The anionic and combination mechanism were
ruled out because of the absence of deuterated benzene after treatment
-i O

of the reaction mixture with D~0.
c. Reactions with Sulfonamldes and Alkyltoluenesulfonates:
Regeneration of amines from many types of sulfonamides can be
achieved in excellent yields by treatment with sodium naphthalenide in
1,2-dimethoxyethane.

y

At room temperature 3 to 6 equivalents of the

anion radical are required per equivalent of the sulfonamide. However,
at -60°C exactly two equivalents of sodium naphthalenide are required for
complete cleavage of arenesulfonamides of secondary amines. In most cases
the yield of amine is over 90$.
Sodium naphthalenide has also been used in the regeneration of alco20
hols from corresponding alkyl toluenesulfonates.
The reaction involves
the 0-S bond cleavage. The yield of alcohol is almost 100$ in most of
the cases. The mechanism of the reaction is not established but it is
21
probably similar to that proposed by J. Kovacs and U. Ghatak for the
sodium-liquid ammonia cleavage of toluenesulfonates.
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d.

Reactions with Aromatic Aldehydes and Ketones:
In the recent work done by J. W. Stinnett, Jr. 22 , it was found that

the aromatic aldehydes and ketones lacking acidic hydrogens undergo
almost quantitative reaction when one equivalent of the aromatic carbonyl
compound is treated with an excess (usually 2 equivalents) of sodium
naphthalenide (Table 2).

The products of these reactions are mainly

glycols and alcohols.
Glycol formation results from the electron transfer from the naphthalene radical anion to the carbonyl compound followed by coupling of
two aldehyde radical anions to give the sodium salt of glycol. The subsequent hydrolysis results in the formation of the corresponding glycol.

0+

CgELCHO

(23)

0-

0-0-

l

2C.H.--C-H
6 5 .

(24)

H H

H1
OHOH
! 1

CH,-C-C-CJ K
6 5 i | oo
H H
The alcohol results from the transfer of two electrons from two
naphthalene radical anions to an aromatic aldehyde or ketone.
0

0(25)

TABLE 2
REACTIONS OP SODIUM NAPHTHALENIDE22 WITH
AROMATIC ALDEHYDES AND KETONES

Compound

Major Product

Benzophenone

Benzhydrol

60-92

Qulnone

Hydroquinone

85-92

Benzaldehyde

Hydrobenzoin

90

Tolualdehyde

Hydrotolouin

90

p-Anisaldehyde

Hydroanisoin

Yield of Major
Product
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The resulting disodium salt of the aromatic ketone or aldehyde on
hydrolysis gives an alcohol.
The reaction of benzophenone with sodium naphthalenide results in
the formation of the corresponding alcohol, benzhydrol. The formation
of benzhydrol was rationalized in two ways.

An electron transfer to the

benzophenone molecule gives the benzophenone radical anion, which subsequently dimerizes to form the pinacolate. Then;, upon hydrolysis the
pinacol could be simultaneously broken down into the ketone and hydrol.
Alternately, the benzophenone molecule could accept two electrons from
two naphthalene radical anions to form the benzophenone anion which would
give benzhydrol on hydrolysis.

e.

Sodium Naphthalenide As Initiator In Polymerization -1
Styrene and several other monomers are known to undergo polymeri-

zation in presence of the naphthalene radical anion. The initial step
involves the transfer of the electron from the radical anion to the
monomer.
Styrene in presence of naphthalene radical anion produces negative
monomer anions represented formally by VIII or IX
:CHX-CH2' VIII

-CHX-CH2: IX

With excess of monomer both ends of VIII or IX propagate polymerization, though the radical ends do not long exist. They dimerize and
consequently species X is formed
:CHX-CH2-CH2-CHX:

X

Species such as X do not terminate in the -»• absence of a proton donor,
thus, •* propagation continues until all of the monomer is consumed.

16
The initiation of polymerization by naphthalene radical anion can be
used to good advantage to make block polymers. After completion of the
first polymerization step, a second monomer can be added and thus block
polymer of the type A-A-A

B-B-B

A-A-A

B-B-B

can be formed.

The yield of the product is almost 100 percent.

B.

Reactions of Esters with Metallic Sodium in Aprotic Solvents:
oh

It was Bouveault and Locquin

who first formulated the reaction

between an ester and sodium as being the combination of two molecules of
ester and four atoms of sodium.

It results in the formation of the sodium

salt of an acyloin which was converted into the corresponding acyloin by
hydrolysis.
Bouveault and Locquin carried out the reaction between sodium and
the ethyl ester of acetic, propionic, butyric, caproic, isobytric and
trimethyl acetic acids at 0°C in ether. They obtained approximately S0%
of the theoretical yield of the corresponding acyloins. There was, generally, a small amount of the diketone, RCOCOR, and some higher boiling
material obtained from the reaction. It was thought that the diketone
resulted from the oxidation of the sodium derivative of the acyloin and
that the higher boiling material -»• was produced from the acyloin during
distillation.
Bouveault and Locquin suggested that the reaction proceeded via the
following steps:
0

ONa ONa

2R-C-0R1

+

4 Na

+

R _ C = C - R

+

2R'0Na

(26)

I H20
0

OH

R-C-C-R
H

OH OH
*

R - C = C - R

(27)
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In 1920 Schelbler and Voss 5 postulated the formation of an enol
sodium salt intermediate of the ester. They stated that under the reaction conditions (0°C) of Bouveault and Locquln, the hydrogen which was
given off during the formation of the enolate salt in turn reduced this
salt to the acyloin. Latert in 1923, Scheibler and Emden

reported a

study of the formation of acyloins and proposed the following mechanism
for the reaction:
0

ONa

R 2 CH-C-0C 2 H 5

+

Na

>

R2C=C-0C2H

+

H

(28)

XT

°Na

ONa
2R -C=C-0C ? H

+

2H

=> ^ - C
RH

)

-

ONa
2Na
v
R 2 CH-C-0Na
R 2 HC-C-0Na

R 2 -C=C-0Na
R 2 -C=C-0Na

+

^

+

(3(J)
d 5

This mechanism also postulates the intermediate formation of a salt of the
ester enolate (XI). No reason was given for the necessity of assuming
alternate addition and loss of hydrogen in the process.
This mechanism does not explain the formation of an acyloin from an
ester such as ethyl trimethyl acetate which has no hydrogen on the alpha
carbon and consequently cannot form an ester enolate. Scheibler and Emden
handled such a case by postulating a special mechanism:
0

;

R-C-OO^-

ONa
-^->

R-C-0C 2 H 5

ONa
-^->

R-C-0C 2 H 5

(3D

Na
R-C-ONa
11
<
R-C-ONa ^

R LK UiNJa
nvr_
K

- ~

..
R-C-ONa

+

CJLONa
2
5

;
(32)
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It was pointed out that such esters must go through a different mechanism
because of the slowness and incompleteness of the reaction.
Scheibler and Emden explained that the presence of small amounts of
a diketone, RCOCOR, which often accompanies the acyloins, resulted from
the oxidation of the salt of the di-enolate of the acyloin by air and
pointed out that the potassium salts were much more susceptible than the
sodium salts to such oxidation.
27
Snell and McElvin
reported the study of the reaction between sodium
and several aliphatic esters. The amounts and types of reaction products
of these reactions are summarized in Table 3. The rates at which three
esters, ethyl butyrate, ethyl isobutyrate, and ethyl trimethyl acetate
react with sodium are almost the same and there is no great difference in
the conpleteness of the reaction. The need, therefore, of a special mechanism, suggested by Scheibler and Emden, to account for the slowness and
incompleteness of the reaction of those esters which cannot enolize does
not exist, for ethyl trimethylacetate reacts somewhat more completely and
just as rapidly as the other two.
They also suggested that the diketone is an intermediate product in
the formation of the acyloin rather than the result of the oxidation of the
acyloin as suggested by Scheibler and Emden. Egorova

arrived at a similar

conclusion in a study of the action of sodium on the chloride of trimethyl
acetic acid.

Snell and McElvin suggested that the reaction took place in

two s t e p s :
0
2 R _ C - OCJL +
1
?

2 CJLQNa

2 Na —

jj
R - C - ONa

ONa
I
R
" ? " °C2H5
R - C - OCJL
2
l
5
HI
2 Na

(33)

(34)
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TABLE ,27
THE PRODUCTS OP THE REACTION BETWEEN
SODIUM AND CERTAIN ALIPHATIC ESTERS

Yield of RCOCORa

Yield of RCHOHCORb

Ethyl Ester

Solvent

Acetate

Ether

7

23

Propionate

Ether

9

52

Butyrate

Ether

7

72

Isobutyrate

Ether

4

75

Trimethylacetate

Ether

32

62

Propionate

Benzene

7

30

Butyrate

Benzene

7

61

Isobutyrate

Benzene

8

68

Trimethylacetate

Benzene

15

63

This fraction was composed of material boiling higher than the
ester and lower than the acyloin and represented approximately a 40°C
range. The major portion of this fraction in the case of trimethylacetate boiled over a 10°C range. It had the deep yellow color
characteristic of the 1,2-diketones.
This fraction had a boiling range of 5-10°C. Highest boiling
acyloin boiled under 100°C (15 mm.).
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Firsts the formation of a diketone-sodium ethoxide addition product
(XII) by the reaction of two molecules of the ester with two atoms of
sodium.

This reaction may involve the intermediate formation of a free

radical, RC(OC2H5)ONa, such as Blicke29 noticed in the reaction of benzaldehyde, phenyl benzoate and ethyl benzoate and sodium.
In the second step the compound (XII) is converted into the disodium
salt of the acyloin by two more atoms of sodium.
Snell and McElvin also suggested that the higher-boiling materials
are not derived from the acyioin during distillation, because acyloin
appears to remain practically unchanged after a period of boiling. The
fact that the diketones are readily polymerized and rearranged by sodium
ethoxide suggested that they were responsible, to some extent at least,
for the presence of the high boiling materials in the reaction mixture.
Esters of aromatic acids react, in a similar manner, with sodium to
form deeply-colored, very reactive addition compounds. Blicke ' reacted
sodium with phenyl benzoate and obtained benzil and benzoin as the main
reaction products. He proposed the mechanism for this reaction as the
following:
0
C6H5-C-OC6H5

+ Na

>

ONa
CgH^C-OC^

(35)

ra

ONa ONa
c

-°Na

C H

6 5~^ ~ ^~C6H5

OC H

XV

6 5

OC 6 H 5 OC 6 H 5

(36)

^

-2CgH ONa

ONa ONa
I

°, {J

I

ONa ONa

?l\Ta

R Q

^

XVIII

^. TT

n n n TT

OHOH
C H O C C H

^"^7")

>

0 OH
C ^ C C-C^
H

(38)
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According to his hypothesis the first phase of the reaction should consist
in the addition of sodium to the ester with the formation of the free radical XIII.

The compound XEII not only resembles the ketone sodium compounds

but is also analogous to the triarylmethyls. It may exist in equilibrium
with a dimolecular form XIV. Furthermore, the intense color of the ether
solution may be best accounted for by the assumption of a colored, quinonoid
form of the ester-sodium compound XV.
The dimolecular form of the ester-sodium compound is quite unstable
and spontaneously loses sodium phenolate with the formation o. benzil XVI.
Benzil itself reacts very readily with sodium in absolute ether and is
converted into a disodium addition product (XVIII) with the intermediate
formation of the free radical XVII. The hydrolysis of the compound XVIII
gives benzoin (XIX).
The presence of the disodium ester adduct during the reaction of an
ester with sodium was shown indirectly by Acree.

When ethyl benzoate

(1 mole), bromobenzene (2 moles) and metallic sodium (4 moles) were dissolved in absolute ether and allowed to remain in a sealed tube for 24
hours at room temperature, the sodium completely disappeared and a deep
blue precipitate was formed.

Upon addition of dilute acid to the reaction

mixture triphenyl carbinol was obtained along with smaller amounts of
benzophenone, triphenylmethane and benzole acid. Blicke repeated Acree's
experiment with the use of phenyl benzoate instead of ethyl benzoate and
found that, in this instance, triphenyl carbinol and phenol were the principal reaction products. The following scheme was presented as an explanation for the reaction:
Na
- C - OC^

+

2 Na

-> C,IL - C - ONa

(39)

22

Na

I
- C - ONa
OC6H5

0
C H

6 5 ~ C - ONa

>

C6H5ONa + C ^ - C - CgH

v
76H5
C H
6 5 " J - ONa
6 5

C H

6

5

CXBr
< 2-2

(40)

2Na

Na

c ^ - c - ONa
°6 5

(4l)

" ? " C6H5
OH

This explanation received support from the fact that Frey^1 found
that benzophenone, bromobenzene and sodium react, in the presence of absolute ether, to give an almost quantitative yield of triphenyl carbinol.
Reaction Between Sodium and Esters in Liquid Ammonia:
With the idea that, a solution of sodium in liquid ammonia would give
the ester an opportunity to react rapidly and completely with sodium,
•30

Kharasch and co-workers

reacted several esters with either one or two

moles of sodium in liquid ammonia. The primary reaction is known to be
over upon the disappearance of the characteristic blue color of the solution.
The following general observations were made during the course of the
reactions:

(a) only half a mole of ester was required to discharge the

color of one mole of sodium in liquid ammonia,

(b) No hydrogen gas

23
was evolved when any of the esters reacted with either one or two moles
of sodium.

These facts were used as guidelines for assuming that the

carbonyl group of the ester is directly attacked, without a preliminary
enolization.

The products of the reaction are summarized in Table 4.

In the experments conducted by Kharasch and co-workers, roughly equivalent amounts of acid and amide were also formed. The experiments with
esters in the absence of sodium, but in the presence and absence of
sodamide showed that the formation of amide was not due to the ammonolysis
of the ester.
The action of sodium on various esters in liquid ammonia yielded
additional information concerning the intermediate products. Upon the
removal of the liquid ammonia, in vacuo, solids were obtained which were
spontaneously flammable in air. These solids were thought to consist of
compounds of the structure XX and possibly contaminated with the salts of
the acyloins XXI.
ONa
R - C - 0C?H,

'

d

°

R - C - ONa

R - C - ONa

Na
XX

XXI

Compounds of these structures were indicated by their reaction with
water to yield a mixture of the corresponding aldehyde and acyloin, and
by their reaction with alkyl halides to yield the corresponding ketones.
Thus, specifically, ethyl benzoate reacts with two equivalents of sodium
in liquid ammonia to give a deep red solution. Upon evaporation of ammonia,
a solid is obtained which reacts with water to give benzaldehyde and
benzoin, reacts with ethyl bromide to give propiophenone and reacts with
benzyl chloride to give desoxybenzoin.

TABLE 4 3 2
REACTION OP SODIUM WITH ESTERS IN LIQUID NH_

Ester

$Yield of Products
Atoms Na/mole ester Acyloin Dlketone Aldehyde

Ethyl Acetate

2

25

-

-

Ethyl Propionate

1

-

18

-

Ethyl Propionate

2

22

-

-

Ethyl Isobutyrate

2

12

-

30

Ethyl Trimethyl-acetate

2

29

-

35

Ethyl Benzoate

1

-

30

-

Ethyl Benzoate

2

14

—

50

The reversibility of the follovdng reaction was shown by treating
the sodium salt of benzoin in liquid ammonia with two equivalents of
sodium ethoxide.
ONa
I

(43)

2R-C-0C2H

R-C-ONa

Na
A red solution was obtained, which on removal of ammonia, yielded a
solid which underwent the reactions noted above. After the detailed study
of these reactions, Kharasch and co-workers suggested the following scheme
for the reaction between sodium and an ester:
0
2R-C-OR' +

2Na
ONa

ONa

i

i

1

2R-C-OR

R-C-OR'
1

R-C-OR
I
ONa

R-C=O
I
R-OO

+

2R0Na

1

+2Na

I

0

ONa
i

2R-C-Na

2R-C-OR1
I
Na

2R'0Na

R-C-ONa
R-C-ONa

R"X
in
liquid
NH O

OHOH
i i

R-C=C-R

0
R-C-R"

0
R-C-H

0 OH
II I
R-C-C-R
\
H

+

2RtQNa

CHAPTER III
EXPERIMENTAL MATERIALS AND METHODS
General Procedure:
Unless otherwise specified, the following experimental procedures
were used in these experiments.
About 500 ml. of tetrahydrofuran was placed in a 1000 ml. three
necked flask fitted with gas inlet and outlet. Approximately 60.0 grams
(0.47 mole) of naphthalene was added to the flask. The solution was
stirred under nitrogen for at least 30 minutes before the addition of
sodium.

Ten (10.0) grams (0.435 mole) of metallic sodium cut into fine

pieces was added to the THF solution of naphthalene. The deep green color
of sodium naphthalenide appeared immediately. The entire solution turned
dark green within 5-10 minutes. The solution was stirred, under nitrogen,
overnight to insure the completion of the reaction.
Sodium naphthalenide solution was then cooled in an ice bath to
approximately 15°C. The compound to be reacted was first distilled; the
desired amount of it was then mixed with 50 ml. of THF and added to the
sodium naphthalenide solution through a dropping funnel over a period of
approximately 2 minutes. The temperature was maintained between 15°C and
20°C during the addition. The reaction was quenched by adding ice after
7-10 minutes. The'reaction mixture was then adjusted to pH 5-6 with 6 M
HC1.

The THF and water layers were separated.

The THF layer was washed

with two 50.0 ml. portions of water and the water layer with two 50.0 ml.
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portions of benzene. The organic layers were combined and dried over
anhydrous MgSO^. The solvents were evaporated on flash evaporator.
Products were then separated by column chromatography. A column
approximately 50.0 cm. long and 5.0 cm. wide,, packed with silica gel
(28-200 mesh) was used. The products were eluted with the following
solvent mixtures.
1. 10$ Benzene-90# Petroleum Ether
2. 25$ Benzene-75$ Petroleum Ether
3. 50% Benzene-50$ Petroleum Ether
4. 100$ Benzene
5. 90$ Benzene-10$ Diethyl Ether
6. 75% Benzene-25$ Diethyl Ether
7. 50$ Benzene-50# Diethyl Ether
8. 100$ Diethyl Ether
9. Methanol
For the gas liquid chromatographic (GLC) analysis of the products
from the reaction of sodium naphthalenide with pentanol and 3-pentanone,
a column (5' x 1/4") packed with 3% SE-30 was used.
The following conditions were maintained:
Column Temperature

170°C

Injector Temperature

195°C

Detector Temperature

270°C

Gas Plow

22 units
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The products from the reaction of esters were analyzed on a column
(18" x 1/8") packed with DEGS, at the following conditions:
Column Temperature

195°C

Injector Temperature

250°C

Detector Temperature

270°C

Gas Plow

22 units

The Reaction of 3-Pentanone with Sodium Naphthalenide:
Nineteen (19.0) grams (0.22 mole) of distilled 3-pentanone (101-102°C)
was mixed with 50 ml. of THF and added to the prepared solution of sodium
naphthalenide (0.435 mole).

The color of the solution became dark brownish-

red, which upon addition of small amounts of ice changed to brown. Upon
further addition of ice it changed to pale yellow. The products were then
isolated as described in the general procedure. Elution from the silica
gel column with 10$ diethyl ether-90# benzene yielded 11.6 grams of a
yellowish oily liquid.

GLC analysis showed the presence of two products

having retention times 4.5 and 6.0 minutes. After setting for 4-5 days
part of this liquid crystallized to a white solid. The solid product was
recrystallized from high boiling petroleum ether and then sublimed at 95100°C (0.25 mm).

The sublimate melted at 123°C.

The product was identified to be l,4-bis(Pentan-3-ol)-l,4-dihydronaphthalene.
CH2CH
H0-C-CHoCH_
2
3
H*<

(Ref. Table 5).
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TABLE 5
Analytical Data for l 3 4-bis(Pentan-3-ol)-l,4-dihydronaphthalene

A. IR Data
-1
cm

B.

Assignment

3400
3000
1120

(Broad)

670

(Broad)

0-H
Aromatic Ring (C-H)
C-0
Aromatic Ring (C-H)

(W)
(W)

NMR Data

Delta

Characteristic

Type of Proton

7.10
6.05
4.27

Singlet
Multiplet
Singlet
Multiplet
Multiplet
Multiplet

Aromatic
Vinylic
Hydroxylic
Benzylic
Secondary
Primary

3.48
1.57
0.90

No. of Protons

4
2
2
2

8
12

C. Mass. Spectral Data
m/e values
196
169
128

m/e values
88
61
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The evidence came from the IR, NMR and Mass Spectral data. The identity of the compound was further supported by the elemental analysis. Ana.
Calculated for C ^ H ^ O ^

C 3 79'43; H, 9-99; 0, 10.48; Found: C 3 79-43;

H, 10.09; 0, 10.58.
Reaction of Pentanal with Sodium Naphthalenide:
Thirty-four (34.0) grams (0.40 mole) of distilled (103-4°C) pentanal
was reacted with 0.435 mole of sodium naphthalenide. The products were
isolated as described previously. GLC analysis with the SE-30 column showed
two principle products having retention times of 6.5 minutes and 2.0 minutes.
The 100% diethyl ether fraction from the silica gel column contained the
only product having retention time of 2.0 minutes. The yield was 2.5 grams
IR and NMR data indicated this product to be 5,6-decanediol3
OH OH
)
_>

<-

<-

i

I

|

H

H

->

(Ref. Table 6 ) .
The second product was obtained from the 10% diethyl ether-90% benzene
fraction of the silica gel column (yield 20.0 grams). The Impure product
was distilled at 1 mm. pressure. A fraction was collected at 122-24°C.
Based mainly upon the NMR data the structure was interpreted to be 1,4-bis
(Pentan-l-ol)-1,4-dihydronaphthalene,
CI-LCH
CHOCH5Q
I d d.O d.
H-C-0H

COT ^H
(Ref. Table 7).
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TABLE 6
Analytical Data for 5,6-decanediol

A. IR Data
cm
3400

Assignment
(Broad)

0-H

B. NMR Data
Delta

Characteristic

Type of Proton

3.85
3.65
1.40
0.93

Multiplet
Multiplet
Multiplet
Multiplet

Hydroxylic
Alcoholic
Secondary
Primary

No. of Protons
"2
2
12
6
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TABLE 7
Analytical Data for l,4-bis(Pentan-l-ol)-li4-dihydronaphthalene

A.

IR Data
cm

Assignment

3450
3050

(Broad)
(M)

0-H
Aromatic Ring (C-H)

•

B. NMR Data
Delta

Characteristic

Type of Proton

7.12
6.05
3.40

Multiplet
Multiplet
Multiplet

2.35
1.40
0.90

Multiplet
Multiplet
Multiplet

Aromatic
Vinylic
Hydroxylic
Alcoholic
Benzylic
Secondary
Primary

No. of Protons

4
2
h

2
12

6

C. Mass Spectral Data
m/e values
213
198
157
144
143
130

m/e values
87
86
73
72
56

,
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The IR spectrum showed an absorption at 1700 cm"1, suggesting the
presence of a carbonyl group. Later, it was concluded that the product
was contaminated with a carbonyl impurity. The presence of the carbonyl
impurity was proved by reacting the product with 2,4-dinitrophenyl hydrazine.
Reaction of Ethyl Hexanoate with Sodium Naohth
Fifteen and seven-tenths (15.7) grams (0.11 mole) of ethyl hexanoate
was added to 0.435 mole of sodium naphthalenide in THF. The dark green
solution of sodium naphthalenide changed to reddish brown which after hydrolysis with ice-water and acid changed to pale yellow. The products
were isolated as described previously.
The GLC analysis indicated the presence of several products with only
one predominating.

Elution from the silica gel column with 10$ diethyl

ether-90% benzene yielded 13-3 grams of a pale yellow oily liquid. The
liquid was distilled at 0.2 mm. pressure. A fraction was collected in
the range of 113-ll6°C.
The NMR, IR and Mass Spectrum analysis indicated the product to be
2-caproyl-l,2-dihydronaphthalene,
H

(Ref. Table 8).
The disubstituted naphthalene was not isolated from this reaction.
With the thought that an excess of ester might result in the formation of
disubstitution products, 43-0 grams (0.3 mole) of ethyl hexanoate was
reacted with 0.435 mole of sodium naphthalenide.

Again, monosubstituted

naphthalene product was obtained and there was no evidence foi i disubstituted naphthalene.

Seven hundredths (0.07) mole of ester was recovered.

TABLE 8
Analytical Data for 2-caproyl-l32-dihydronaphthalene

A. IR Data
cm"

Assignment

3070
3050
1700
1650

(m)
(m)
(s)

670

(s)

Alkene (C-H)
Aromatic ring (C-H)
C=0
C=C
Aromatic ring (C-H)

(v)

B. NMR Data
Delta

Characteristic

Type of Proton

7.13
6.00
4.32

Singlet
Multiplet
Quartet
Multiplet
Multiplet
Multiplet
Multiplet

Aromatic
Vinylic
Benzylic
Benzylic
Secondarya
Secondary^
Primary

3.45
2.22
1.15
0.80

No. of Protons

4
2
1
2
2

9

C. Mass Spectral Data
m/e values

m/e values
228

Parent Peak

157
128

99
74

58
47
45
43
30

Secondary hydrogens adjacent to C=0 group.
Secondary and primary hydrogens of -CHgC^C^CH^ group,
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Reaction of Ethyl Trimethyl Acetate with'Sodium Naphthalenide:
Ethyl trimethyl acetate was prepared by refluxing pivaloyl chloride
with absolute ethanol for 10-15 minutes. The ester was then distilled,
28.0 grams (0.22 mole) of the redistilled ester (B.P. 112-14°C) was
reacted with 0.435 mole of sodium naphthalenide.
GLC analysis indicated the formation of predominantly two products
having retention times of 1.0 minutes and 4.0 minutes. The 50$ benzene50% petroleum ether fraction from the silica gel column indicated the
presence of predominantly the product having retention time of 1.0 minutes
(yield 6.1 grams).
(1.0 mm.).

This product, an oily liquid, was vacuum distilled

A fraction was collected at 119-20°C. The NMR and IR data

indicated this product to be 2-pivaloyl-l,2-dihydronaphthalene (Refractive
Index = 1.543225),

(Ref. Table 9).
Elution of the silica gel column with 10$ diethyl ether-90$ benzene
yielded 10.4 grams of an oily liquid having retention time of 4.0 minutes
on GLC. Part of this oily liquid crystallized after two-three days. The
crystalline product was recrystallized from absolute ethanol, (M.P. 95-97°C),
The NMR, IR and Mass Spectral analysis indicated this product to be
1,2-dipivaloyl-l,2,3,4-tetrahydronaphthalene,
CH3
HOC-C-CH,
3 1 5
C=O
H

(Ref. Table 10).

H

H
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TABLE 9
Analytical Data for 2-Pivaloyl-l32-dihydronaphthalene

A.

IR Data

cm

Assignment

3100
1680
1650
750

Aromatic Ring (C-H)
C=0

OC
Aromatic Ring (C-H)

B. NMR Data
Delta

Characteristic

Type of Proton

7.05
5.90
4.85
3.30
1.10

Multiplet
Multiplet
Quartet
Multiplet
Multiplet

Aromatic
Vinylic
Benzylic
Benzylic
Primary

No. of Protons
2
1
2

9

C. Mass Spectral Data
m/e values

m/e values
214
198
183
155

Parent Peak

128
85

57

37

TABLE 10
Analytical Data for l32-dipivaloyl-lJ2;)3J4-tetrahydronaphthalene

A.

B.

IR Data
cm

Assignment

1700
750

C=0
Aromatic Ring

NMR Data

Delta

Characteristic

Type of Proton

7.1
4.15
3.50
2.50

Multiplet
Doublet
Quartet
Multiplet

1.25
1.08

Singlet
Singlet

Aromatic
Benzylic
Tertiary
Benzylic and
Secondary
Primary
Primary

No. of Protons

4
1
1

4
18

C. Mass Spectral Data
m/e values

m/e values
300

215
198
155

(Parent Peak)

128
115

85

57
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The Reaction of Ethyl Benzoate with Sodium Naphthalenlde:
Fourteen (14.0) grams (0.11 mole) of distilled ethyl benzoate was
reacted with 0.435 mole of sodium naphthalenide. The dark green color of
sodium naphthalenide changed to dark brown which on treatment with water
changed to pale yellow. The products were then separated as described in
the general procedure.
The product obtained from this reaction was recrystallized from highboiling petroleum ether. It was suspected to be benzoin. The NMR spectra
of benzoin and that of the recrystallized product were found . be identical
with the experimental errors. The product melted at 130-131°C; the melting
point of benzoin is reported to be 131°C.
Benzil was not isolated but the GLC analysis indicated its presence
in small amount.
Reaction of Benzonitrile with Sodium Naphthalenide:
Twenty-two and two tenths (22.2) grams (0.22 mole) of distilled benzonitrile was reacted with 0.435 mole of sodium naphthalenide as described in
the general procedure. The solution after hydrolysis was dark brown. Since
benzene was expected to be one of the products, the reaction mixture was
distilled.

Nothing distilled near the boiling point of benzene. GLC

analysis did not indicate any products but did indicate complete disappearance of benzonitrile. The same reaction was repeated at -50°C to -60°C.
The reaction mixture after hydrolysis turned orange in color. GLC analysis
indicated the absence of unreacted benzonitrile but did not indicate presence
of any products. Biphenyl and/or benzil were the expected products. A
known mixture of these two compounds was analyzed on GLC for comparison.
These products were not present in the reaction mixture.

While attenpting to isolate the products from the chrornatography
column, a solid product was obtained which did not dissolve in 90% petroleum
ether-10$ benzene mixture. Several solvents were used to recrystallize the
product but none of them gave pure product. NMR spectrum of this product
gave a single peak indicating the presence of only aromatic hydrogens.

CHAPTER IV
RESULTS. AND DISCUSSIONS
A search of the literature indicated naphthalene radical anion undergoes three types of reactions. As discussed previously3 these include
electron-transfer reactions, acid-base reactions and nucleophilic
attack.

One of these three routes is predominant, depending principally

upon the nature of the substrate.
Action of sodium naphthalenide as a reducing agent has b- "•n demonstrated in several reactions. For example, several aromatic aldehydes and
ketones are reduced to corresponding glycols or alcohols when reacted with
sodium naphthalenide.
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The strong basicity of sodium naphthalenide is shown by the reaction
of sodium naphthalenide with biphenyl methane.

Sodium naphthalenide is

sufficiently basic to abstract a proton from biphenyl-methane while a
strong base like sodium amide requires extreme conditions, and sodium
does not react at all.
Two reactions of sodium naphthalenide are reported in the literature
in which naphthalene anion acts as a nucleophile. It reacts with C0 2 to
yield dihydronaphthalene dicarboxylic acid.

Ethyl laurate is reported

to yield monolaurylnaphthalene, presumably via nucleophilic attack.

Results:
This project investigated the reactions of sodium naphthalenide with
an aliphatic ketone and ladehyde, aromatic and aliphatic esters and an
aromatic nitrile. The substrates, major products and the per cent yield
of the major products are shown in Table 11.
Discussion of_ Results:
Reactions of Sodium Naphthalenide with 3-Pentanone and Pentanal:
The inspection of Table 11 reveals that the major products from these
two reactions result from the nucleophilic reaction of the naphthalene
anion. The formation of these products can best be visualized by the
following mechanism:

R'
0
II

+

R-C-R'

0
II

R-C-R'

R' = H for an aldehyde
R1 - an alkyl group for a ketone

TABLE 11
RESULTS OP THE REACTIONS OF SODIUM NAPHTHALENIDE
WITH VARIOUS REACTANTS

Compound

Major Product

3-Pentanone

l,4-bis(Pentan-3-ol)1,4-Dihydronaphthalene

Pent anal

5,6-Decanediol

Major Product

35
7

l,4-bis(Pentan-l-ol)1,4-Dihydronaphthalene

33

Ethyl Hexanoate

2-(Hexan-1-one)1,2-Dihydronaphthalene

40

Ethyl Trimethylacetate

2-(t-butanone)1,2-Dihydronaphthalene

13

1,2-bis(t-butanone)-

32

1,2^3,4-Tetrahydronaphthalene
Ethyl Benzoate

Benzoin
Benzil

Benzonitrilec
a

Starting with 22.2 grams (0.22 mole) of benzonitrile, 5-60 grams
of an unidentified product was isolated (Reaction Temp. -50°C).
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The first step of this reaction involves the nucleophilic attack by
the naphthalene anion on the carbonyl carbon of the corresponding aldehyde
or ketone. The resulting radical anion is then reduced by another molecule
of naphthalene anion to the corresponding dianion. This intermediate then
reacts with another molecule of the reactant and subsequently forms the
aisubstituted dihydronaphthalene derivative upon hydrolysis.
An alternative mechanism involves formation of the ketyl radical by
the transfer of an electron to the aldehyde or ketone. The ketyl radical
conceivably could then couple with naphthalene anion to give the intermediate (I), postulated in previous mechanism.

+

0-

0
II
R-C-R'

R-C-R'

(I)

However, this mechanism is less likely because no glycol was produced from
3-pentanone and only 7% of the glycol was formed from pentanal. Glycol is
derived from the coupling of ketyl radicals according to the following
scheme:
0
i

2R - C - R1

0~ 0"
/

i

R - C - C - R
i

l

R1

R1

R

OH OH
I

_c-C- R
/
R1

l1
R

Radical coupling reactions have low energies of activation and, therefore, it would be anticipated that glycol formation would be competitive
with the radical-radical coupling which leads to the naphthalene derivative.

The absence of the glycol product in the case of 3-pentanone and

the low yield of the glycol product in the case of pentanal strongly suggests that ketyl radicals are not the primary intermediates.
Sodium naphthalenide, when reacted with an aromatic aldehyde or
ketone, yields products resulting from the electron-transfer.

(Ref. Table 2).

Only f% of the electron-transfer product was formed in the case of pentanal
and none at all in the case of 3-pentanone.

This dramatic difference between

the reactions of aliphatic and aromatic carbonyl compounds is likely because
of the difference in the reduction potentials, (-1.9V vs. 1.3V respectively,
Ref. Table 12).

Thus, electron-transfer is difficult in case of an aliphatic

carbonyl compound, compared to the corresponding aromatic compound. Since
the electron transfer is less likely, the nucleophilic reaction becomes
competitive.
The presence of the acidic hydrogens in the reactants also means there
will be an acid-base type reaction:

H
+

2R-C-CHO

>

H

2R-C-CHO
H

Th.e proton-abstraction by the naphthalene anion is known to be a very fast
reaction, (k = 10 -10 1. mole

. sec

. ) . The fact that the reactions

other than the proton-abstraction do occur must mean these reactions are
comparatively fast, too. The overall low yields of the products are attributed to this acid-base type reaction. The carbanion ion resulting from
this reaction regenerates the original carbonyl compound upon hydrolysis.

TABLE 1 2 3 4
REDUCTION POTENTIALS OF SOME CARBONYL C0MP0lM)Sa

Coirpound

Reduction Potential

Ethanal

-1.92 V

Pentanal

-1.90 V

3-Pentanone
Acetophenone

-2.20 V
-1.52 V

Benzaldehyde

-1.34 V

Benzophenone

-1.35 V

p-Benzoquinone

-0.10 V

determined in tetramethylammonium-hydroxide solution.

Reactions of Sodium Naphthalenide with Esters:
The difference in the reactivity of the naphthalene anion with the
aliphatic and aromatic compounds also exists for the esters. In analogy
to the carbonyl compounds, the major product from an aliphatic ester results
from the nucleophilic reaction while that from the aromatic ester results
from the electron-transfer reaction.

(Ref. Table 11).

The difference in

the reactivity of the aromatic and the aliphatic esters may be related to
the reduction potentials of the corresponding esters. The reduction
potential data on the esters used in this investigation are not available,
but it is assumed that they are of the same order as those for aliphatic
and aromatic carbonyl compounds.
The formation of benzil and benzoin from the reaction of ethyl benzoate
with sodium naphthalenide can be explained by the following reaction:

«

0I
2C,rHc--C-0CLH[6 5 • 25

>

°-

C.H^-C-OCJL6 5
25
0-0l i

6 5 i i 65
d 5
5 2

0-0i ll

0 0

6 5 • • 65

6 5
65
Benzil

0H0H

0 OH

K

II U

H i

C /-Hr-—C—C—C /-Hr6 5
i 6 5

H
Benzoin
In contrast to the aliphatic carbonyl compounds, the aliphatic esters
yield the monosubstituted dihydronaphthalenes in the presence of sodium
naphthalenide. The reaction of ethyl hexanoate with sodium naphthalenide
yielded only the monosubstituted dihydronaphthalene; the corresponding

disubstituted dihydronaphthalene was not isolated even when excess of the
ester was reacted with the sodium naphthalenide. Ethyl trimethyl acetate,
on the other hand, yielded only 13$ of the monosubstituted dihydronaphthalene
and 32% of the disubstituted tetrahydronaphthalene.

The formation of the

tetrahydronaphthalene derivative cannot be explained from present knowledge.
The mechanism of the reaction leading to the mono- and di- substituted
naphthalenes is very similar to the one for aliphatic carbonyl compounds:
.H
0•l. C-0CoHr

0
R-C-0C2H

H

+

Monosubstituted Product

Hr+

Disubstituted Product

The first step of the reaction involves the nucleophilic attack by
the naphthalene anion on the ester. The resulting radical anion is then
reduced by another molecule of the naphthalene anion forming a dianion.
This dianion intermediate may give the monosubstituted naphthalene derivative upon hydrolysis or may react with another molecule of the ester to
yield the disubstituted naphthalene derivative upon subsequent hydrolysis.
An alternate mechanism., similar to the one proposed for the carbonyl
compounds, may be proposed for the ester reactions too. The product
resulting from the coupling of two ester radical anions was not isolated
from the aliphatic esters. This suggests that the ester radical anions
are not the primary intermediates.
Three facts are not quite clear at this stage:

(1) formation of only

the monosubstituted dihydronaphthalene from ethyl hexanoate; (2) formation
of the tetrahydronaphthalene derivative from ethyl trimethyl acetate;
(3) formation of the 1,2-substituted tetrahydronaphthalene derivative
from ethyl trimethyl acetate.
Reaction of Sodium Naphthalenide with Benzonitrile:
This reaction, when carried out at 15°Ci yielded a tar but when carried out at -50°C yielded a crystalline product. NMR spectrum of the crude
product indicated the presence of only aromatic hydrogens. IR spectrum
indicated the absence of -C=0 group and GLC indicated the complete reaction
of benzonitrile. The product could not be identified.

Summary:
Sodium naphthalenide reacts with the aliphatic ester or the carbonyl
compound, to form the product resulting mainly from the nucleophilic reaction. Low yields are obtained due to the acid-base type of reaction.
When the reduction potential of the ester or the carbonyl compound is
low enough, the reduction is most favorable.
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